Here we show that cells lacking focal adhesion kinase (FAK) are refractory to motility signals from platelet-derived and epidermal growth factors (PDGF and EGF respectively), and that stable re-expression of FAK rescues these defects. FAK associates with activated PDGF-and EGF-receptor (PDGFR and EGFR) signalling complexes, and expression of the band-4.1-like domain at the FAK amino terminus is sufficient to mediate an interaction with activated EGFR. However, efficient EGF-stimulated cell migration also requires FAK to be targeted, by its carboxy-terminal domain, to sites of integrin-receptor clustering. Although the kinase activity of FAK is not needed to promote PDGF-or EGF-stimulated cell motility, kinase-inactive FAK is transphosphorylated at the indispensable Src-kinase-binding site, FAK Y397, after EGF stimulation of cells. Our results establish that FAK is an important receptor-proximal link between growth-factorreceptor and integrin signalling pathways.
ransmembrane integrins bind to extracellular matrix proteins and generate important signals that regulate cell proliferation and migration events stimulated by receptors for soluble growth factors. Integrin and growth-factor signalling pathways can interact through several mechanisms, from membrane-proximal clustering of the two receptor types 1, 2 to the activation of common downstream signalling pathways [3] [4] [5] . Although there is a wealth of knowledge regarding the signalling pathways activated by both integrin and growth-factor receptors, little is known about how these signals are integrated by cells and whether there are common receptor-proximal control points that synchronize the execution of biological functions such as cell motility.
FAK is a non-receptor protein-tyrosine kinase (PTK) that indirectly localizes to sites of integrin-receptor clustering through Cterminal-domain-mediated interations 6 with integrin-associated proteins such as paxillin 7, 8 and talin 9 . FAK becomes phosphorylated at seven to eight different tyrosine residues in vivo after engagement of integrin with matrix proteins 10 . Several studies have shown that FAK functions as part of a cytoskeleton-associated network of signalling proteins, also including the Src-family PTKs, p130
Cas , Shc and Grb2, which act in combination to transduce integrin-generated signals to the ERK/JNK mitogen-activated protein (MAP) kinase cascades (reviewed in ref. 11) .
Evidence indicates that tyrosine phosphorylation of FAK may be important for cell migration, as expression of the protein-tyrosine phosphatase PTEN leads to dephosphorylation of FAK and inhibition of cell motility 12, 13 . Experiments using FAK-null cells [14] [15] [16] , FAK overexpression 17 and dominant-negative FAK constructs 18 have established that FAK is essential for integrin-stimulated cell migration. Null mutations of the murine fibronectin 19 or fak 20 genes result in a similar lethal phenotype where embryos fail to develop past day 8.5 of embryonic development because of defective gastrulation events. Cultured FAK-deficient (FAK -/-) cells exhibit a rounded morphology, enhanced formation of focal contacts with matrix proteins, and migration defects 21 . Expression of the FAK-related PTK Pyk2 is elevated in FAK -/-fibroblasts, and the combined phosphorylation activities of Pyk2 and Src-family PTKs facilitate integrin-stimulated ERK2 activation in the absence of FAK 14 . Interestingly, Pyk2 does not strongly localize to focal contact sites and its overexpression does not rescue the cell-migration defects caused by the FAK mutation 14 . When stably re-expressed in FAK -/-cells, epitope-tagged FAK localizes to focal-contact sites, promotes morphology changes and reverses the integrin-stimulated migration defects 15 . Here we show that FAK acts as a receptor-proximal bridging protein that links growth-factor-receptor and integrin signalling pathways. By directly comparing FAK +/+ , FAK -/-and FAK-reconstituted fibroblasts, we find that FAK associates with activated growth-factor receptors through its N-terminal domain and that FAK has an important function in promoting PDGF-and EGFstimulated cell migration.
Results

FAK function is required for PDGF-stimulated cell migration.
To test the importance of FAK in promoting growth-factor-stimulated cell migration, we carried out chemotaxis assays in a modified Boyden chamber with FAK +/+ and FAK -/-fibroblasts, and with DA2 clonal fibroblasts, which re-express FAK 15 ( Fig. 1) . At low concentrations of PDGF (2.5-10 ng ml -1 ), FAK +/+ and DA2 cells, but not FAK -/-cells, readily migrated to PDGF-BB in a dose-dependent manner (Fig. 1a) . The lack of migration to PDGF-BB observed in FAK -/-cells was not due to the refractory responsiveness of the PDGFR, as normal levels of PDGF-stimulated tyrosine phosphorylation (10 ng ml -1 , 5 min) were detected in lysates from FAK -/-cells (Fig. 1a) .
Previous studies have shown that phosphorylation of FAK tyrosine residues increases upon cell stimulation involving growth factors, chemokines or G proteins (reviewed in ref. 11) . Surprisingly, stimulation with PDGF caused only small increases in total phosphotyrosine levels in FAK and Pyk2. However, PDGF treatment induced the association of a phosphotyrosine-containing protein of relative molecular mass 190,000 (M r ~190K) with FAK in FAK showed that HA-tagged FAK was tyrosine-phosphorylated and associated with PDGFR immunoprecipitates only after DA2 cells were stimulated with PDGF (Fig. 1b) . FAK forms a complex with activated PDGFR. FAK has been shown to co-immunoprecipitate with an unknown phosphotyrosine-containing protein of M r ~200K after cell stimulation with PDGF 22 . To confirm the ability of FAK and the PDGFR to associate, we transiently transfected human 293T cells, which do not express PDGFR, with expression vectors for the PDGFR -subunit or HA-tagged FAK (Fig. 1c) . Expression of the PDGFR in 293T cells led to growth-factorindependent phosphorylation of the PDGFR (Fig. 1c, lanes 1, 5) . In the absence of HA-FAK expression, antibodies to the HA tag did not co-immunoprecipitate PDGFR after PDGF-BB stimulation (Fig. 1c, lanes 1, 2) . In cells not transfected with PDGFR (Fig. 1c,  lanes 3, 4) , HA-tag antibodies did not co-immunoprecipitate with either a phosphotyrosine-containing protein of M r ~200K (data not shown) or a PDGFR-immunoreactive band. However, upon coexpression of PDGFR and HA-FAK, antibodies to the HA tag weakly pulled down the PDGFR in the absence of growth factor, whereas strong PDGFR association with HA-FAK was detected after PDGF-BB stimulation of the 293T cells (Fig. 1c, lanes 5, 6) . These results indicate that PDGF-BB stimulation may promote the recruitment of FAK into an active PDGFR signalling complex. FAK Y397 phosphorylation is required for both integrin-and PDGF-stimulated cell motility. FAK mutants lacking the autophosphorylation/SH2-binding site (FAK(F397)), kinase activity (FAK(R454)), or the primary p130
Cas SH3-binding site (FAK(A712/ 713)) are ineffective in promoting fibronectin-stimulated cell migration when transiently expressed in FAK -/-cells 15 . These data indicate that several protein-protein interactions involving FAK may be necessary to promote integrin-initiated cell motility (haptotaxis). To determine whether similar interactions with FAK are required to support PDGF-stimulated cell motility (chemotaxis), we transiently transfected FAK -/-cells with various FAK constructs and tested them for migration in response to PDGF-BB (Fig. 2a) . Expression of HA-tagged FAK, FAK(R454), FAK(A712/713) or a Grb2-binding-site mutant (FAK(F925)) promoted a roughly eightfold increase in PDGF-stimulated cell migration, whereas equivalent expression of FAK(F397) did not effectively restore PDGFstimulated cell motility (Fig. 2a) . All of the FAK mutants except FAK(F397) were tyrosine-phosphorylated in PDGF-stimulated FAK -/-cells (data not shown). PDGF stimulates the association of Src-family PTKs with FAK. The one common functional site in FAK needed to promote both fibronectin-and PDGF-BB-stimulated cell migration is the autophosphorylation/SH2-binding site, Y397. As the kinase activity of FAK is not required for PDGF-stimulated cell migration, it is possible that other PTKs may transphosphorylate FAK at the Y397 site after PDGF stimulation of cells. To evaluate the potential contribution of other FAK-associated kinases, we analysed HA-FAK immunoprecipitates from starved or PDGF-BB-stimulated DA2 cells for in vitro kinase activity using poly-Glu-Tyr as a substrate (Fig. 2b) . In PDGF-BB-stimulated (10 ng ml -1 , 5 min) DA2 cells, poly-GluTyr transphosphorylation was increased sevenfold relative to serum-starved cells (Fig. 2b) . Surprisingly, in parallel autophosphorylation assays, this increase in the PDGF-stimulated kinase activity of FAK was not reflected by strong PDGFR or FAK autophosphorylation activity in the HA-FAK immunoprecipitates, but was correlated with the recruitment of active Src-family PTKs to the activated FAK complex (Fig. 2b) . A similar FAK-Src-PTK complex occurred after the addition of low concentrations of PDGF (1-10 ng ml -1 ) to Swiss 3T3 cells 23 . SH2-mediated binding of Src-family proteins to the FAK Y397 site is competed by several other SH2-containing signalling proteins, such as Shc 24 , the p85 subunit of phosphatidylinositol-3-OH kinase 25 , SHP-2 (ref. 26 ), phospholipase C-1 (ref. 27 ) and Grb7 (ref. 28) . To determine the importance of Src-family PTK activity in PDGF-stimulated migration of DA2 cells, we specifically inhibited Src kinase activity by transiently transfecting DA2 cells with an expression vector for C-terminal Src kinase (p50 Csk ). Overexpression of p50
Csk markedly inhibited PDGF-stimulated (5 ng ml -1 ) motility, whereas overexpression of the kinase-inactive mutant p50
Csk (K222M) did not (Fig. 2c) . These results indicate that active binding of Src-family PTKs to the FAK Y397 site may be the first of several important signalling events necessary to promote PDGFstimulated cell migration. FAK function is required for EGF-stimulated cell migration. To test whether the role of FAK in promoting cell migration is growth-factor-specific, we carried out chemotaxis assays of FAK +/+ , FAK -/-and DA2 cells in a modified Boyden chamber using low concentrations of EGF (Fig. 3a) . Whereas FAK -/-and DA2 cells expressed equivalent levels of EGFR (see Supplementary Information), FAK -/-cells were not capable of initiating a migratory response, even though enhanced tyrosine phosphorylation of EGFR and its downstream targets, such as Shc, readily occurred in EGF-stimulated (10 ng ml -1 , 5 min) FAK -/-cells (Fig. 3a) . Similar to the stimulated formation of a complex containing activated PDGFR and FAK, the association of endogenous FAK with activated EGFR was detected by co-immunoprecipitation with anti-FAK antibody only after cells were stimu- HA-tag IPs lated with EGF (Fig. 3b) . In a further analogy with the PDGF results, co-immunoprecipitation anlayses showed no detectable association of Pyk2 with an activated EGFR complex after EGF stimulation of FAK -/-cells (data not shown). FAK forms a complex with activated EGFR. To investigate further the association of FAK and EGFR, we transiently transfected 293T cells with various FAK mutant constructs and evaluated their association with endogenous EGFR using co-immunoprecipitation analyses after EGF stimulation (10 ng ml -1 , 5 min; Fig. 3c ). All the FAK mutants used, except the isolated FAK C-terminal domain (FRNK), formed complexes with activated EGFR (Fig. 3c) . The fact that FAK(F397) readily formed a complex with activated EGFR, and yet showed only minimal levels of tyrosine phosphorylation, indicates that SH2-mediated binding of an adaptor protein to the FAK Y397 site may not be crucial to the FAK-EGFR interaction. By analogy with the results obtained from PDGF-stimulated FAK -/-cells (Fig. 2a) , transient expression of FAK(F397) did not significantly enhance EGF-stimulated FAK -/-cell motility (data not shown). It has also been shown that inducible expression of FAK(F397) in FAK -/-cells inhibits serum-stimulated migration 16 . Together, these results support the hypothesis that FAK(F397) fails to promote both integrin- 15 and growth-factor-stimulated cell motility because it fails to form a productive signalling complex with downstream targets such as the Src-family PTKs. The FAK N-terminal domain is required for EGF-stimulated motility. As the isolated FAK C-terminal domain did not detectably associate with activated EGFR in 293T cells (Fig. 3c) , we investigated the possibility that the FAK-EGFR association is mediated by the FAK N-terminal domain. Previous studies have shown that truncations of the FAK N-terminal domain lead to a greatly raised level of FAK tyrosine phosphorylation 10 . We therefore introduced a kinase-inactive mutation (R454) into a truncated version of FAK to form FAK(1-100, R454). We expressed wild-type FAK, FAK(R454) and FAK(1-100, R454) in 293T cells and examined their ability to co-immunoprecipitate with activated EGFR after EGF stimulation (10 ng ml -1 , 5 min; Fig. 4a ). Whereas FAK(R454) was strongly associated with EGFR and also weakly tyrosine phosphorylated, FAK(1-100, R454), although tyrosine phosphorylated, did not detectably associate with activated EGFR (Fig. 4a) . Wild-type FAK and FAK(R454) were phosphorylated at the Y397 site, as detected by antibodies specific to phosphorylated Y397, whereas FAK(1-100, R454) was only minimally phosphorylated at this site (Fig. 4a) . These results indicate that the integrity of the FAK N-terminal domain may be important for mediating interactions with activated EGFR.
To test the functional correlation between the FAK-EGFR association and EGF-stimulated cell migration, we transiently expressed mutant or truncated FAK constructs in FAK -/-cells and assessed their ability to promote migration after EGF stimulation (5 ng ml hampered conclusions from motility assays. Nevertheless, the results obtained from FAK-truncation mutants show that formation of the FAK-EGFR complex is correlated to the promotion of EGF-stimulated cell motility. By analogy with PDGF-stimulated motility (Fig. 2a) , the kinase activity of FAK was not required for EGF-stimulated cell migration. This can be explained mechanistically by the fact that FAK may be a substrate for other PTKs upon EGF stimulation of cells. This idea is supported by our finding that untruncated FAK(R454) associated with activated EGFR and was phosphorylated at the Y397/SH2-binding site when expressed in 293T cells (Fig. 4a) .
To investigate further the transphosphorylation of FAK after EGF stimulation and to determine whether FAK(1-100, R454) is phosphorylated at the Y397 site when transiently expressed in FAK -/-cells, we sequentially analysed immunoprecipitates of HA-tagged FAK and FAK(1-100, R454), using phosphospecific antibodies that recognize different FAK phosphorylation sites (Fig. 4c) . Under both starved and EGF-stimulated conditions, HA-FAK was highly tyrosine phosphorylated at the Y397, Y407, Y576, Y577 and Y861 sites, and weakly phosphorylated at the Y925 and Y950 sites. HA-FAK transiently expressed in FAK -/-cells associated with EGFR after EGF stimulation, yet it exhibited a high level of in vitro kinase activity under both starved and EGF-stimulated conditions (Fig. 4c) . Association of FAK(1-100, R454) with EGFR was not detected in FAK -/-cells, although the total level of tyrosine phosphorylation of FAK(1-100, R454) markedly increased after EGF stimulation (Fig.  4c) . Using the phosphospecific FAK antibodies, we detected FAK(1-100, R454) phosphorylation at the Y407 and Y950 sites, but no significant phosphorylation at the Y397 site or in the kinase domain at Y576 and Y577 (Fig. 4c) . The mechanism of tyrosine phopshorylation of FAK(1-100, R454) is unknown. However, the fact that FAK(1-100, R454) does not detectably associate with activated EGFR and is not phosphorylated at the Y397 site supports our previous conclusions that these two events are important for FAK function in promoting EGF-stimulated motility. The isolated FAK N-terminal domain can associate with activated EGFR. To determine whether the FAK-EGFR interaction can occur in the absence of the focal-adhesion-targeting signals located in the FAK C-terminal domain, we expressed FAK residues 1-402 (FAK (1-402) ) as a Myc-epitope-tagged protein in 293T cells. Immunoprecipitation and blotting against the Myc tag detected a protein of M r ~60K in cells transfected with this construct (Fig. 5a , lane 2). Co-immunoprecipitation analyses showed that Myc-tagged FAK(1-402) and HA-tagged FAK associated with activated EGFR (Fig. 5a, lanes 2, 4) , whereas HA-tagged FRNK did not show a strong or reproducible association (Fig. 5a, lane 3 and Fig. 3c) . Analysis of association of 1 integrin with the FAK constructs used showed that it was present in both the FRNK and the FAK immunoprecipitates but not in those of Myc-tagged FAK(1-402) (Fig. 5a,  lanes 2-4) . This result indicates that the association of the FAK Nterminal domain with EGFR may not involve linkages through To confirm the association of the FAK N-terminal domain with EGFR, we carried out reciprocal co-immunoprecipitation experiments using anti-EGFR antibodies, and blotted the immunoprecipitates for associated Myc-tagged proteins (Fig. 5a, lane 5) . Myctagged FAK(1-402) was phosphorylated at the Y397/SH2-binding site after EGF stimulation of 293T cells, which is indicative of a transphosphorylation event (Fig. 5a, lanes 2, 5) . A low level of 1 -integrin-subunit signal was also detected in the EGFR immunoprecipitate (Fig. 5a, lane 5) , which is consistent with previous reports of EGFR and integrin co-clustering 2 . FAK(1-402) expressed in FAK -/-cells promoted cell migration in response to EGF at half the level stimulated by wild-type FAK (Fig. 5b) . These results support the idea that although FAK(1-402) forms a complex with activated EGFR and is phosphorylated at the Y397 site, 30, 31 . To evaluate the specificity of the association of the FAK N-terminal domain with EGFR, and to show that this association occurs in an antibodyindependent fashion, we amplified sequences encoding FAK(1-402), FAK(1-402, 1-100), the Pyk2 N-terminal domain (Pyk2(1-407)) and the Grb2 SH2/SH3 adaptor protein and cloned them into the pEBG mammalian glutathione-S-transferase (GST)-fusion expression vector. GST-FAK(1-402), GST-Pyk2(1-407) and GST-Grb2 were successfully expressed and bound to glutathione-agarose beads (Fig. 5c ), but GST-FAK(1-402, 1-100) was proteolytically degraded and not stably expressed (data not shown). Both the GST-FAK(1-402) and the GST-Pyk2(1-407) fusion proteins were tyrosine phosphorylated in starved 293T cells (Fig. 5c, lanes 1, 2) , and GST-Pyk2(1-407) and GST-Grb2 bound to an unknown phosphotyrosine-containing protein of M r ~190K (Fig. 5c, lanes 2, 3) .
As expected, EGF stimulation of 293T cells greatly enhanced the association of various phosphotyrosine-containing proteins such as Shc and EGFR with GST-Grb2 (Fig. 5c, lane 7) . Significantly, EGF stimulation also promoted a clear, although weaker, association of a phosphotyrosine-containing protein of M r ~200K with GST-FAK(1-402); this protein was positively identified as EGFR by immunoblotting (Fig. 5c, lane 5) . EGF stimulation also increased the tyrosine phosphorylation of GST-FAK(1-402) at the Y397 site, but did not promote the association of GST-Pyk2(1-407) or GST alone with EGFR (Fig. 5c, lanes 6, 8) . Farwestern protein-protein analyses showed that 32 P-labelled GST-Grb2 bound directly to immunoprecipitated and tyrosine-phosphorylated EGFR, whereas 
Expression of the FAK C-terminal domain inhibits EGF-stimulated cell motility.
Interactions, mediated by the C-terminal domain, of FAK with proteins such as paxillin 7, 8 and talin 9 function to promote the targeting to, and the indirect association of, FAK with integrins at focal-contact sites. As expression and tyrosine phosphorylation of FAK(1-402) did not promote EGF-stimulated migration of FAK -/-cells to the same extent as with wild-type FAK (Fig. 5b) , full activity may require C-terminal-domain-mediated targeting of FAK to focal contact sites. As C-terminal truncations of FAK were subject to proteolytic degradation when expressed in FAK -/-cells (data not shown), we exogenously expressed the FAK Cterminal domain (FRNK) as a competitive inhibitor of FAK localization to sites of integrin-receptor clustering 32 . Although FRNK did not strongly associate with the activated EGFR complex when expressed in 293T cells (Fig. 3d) , co-expression of FRNK with FAK in FAK -/-cells disrupted the association of FAK with the activated EGFR complex (Fig. 6a) and suppressed EGF-stimulated FAK phosphorylation at the Y397 site (Fig. 6b) . Significantly, FRNK expression potently inhibited EGF-stimulated migration of DA2 cells (Fig. 6c) , whereas equivalent expression of a FRNK point mutant (FRNK(S1034)) that does not strongly localize to focal-contact sites 15 did not inhibit DA2 motility (Fig. 6c) or disrupt the stimulated formation of a FAK-EGFR complex (data not shown). These results support the conclusion that full FAK function in promoting EGF-stimulated motility involves a combination of distinct interactions mediated by both the N and the C termini (Fig. 7) . In addition, the results obtained from FRNK overexpression indicate that a link between the FAK N terminus and EGFR may be facilitated and/or stabilized by interactions between the FAK C terminus and integrins.
Discussion
It is well documented that FAK has important functions in integrininitiated signalling events. Changes in the tyrosine-phosphorylation status of FAK also occur after stimulation with soluble growth factor in several different cell types. We have shown here that FAK is important in linking PDGFR and EGFR activation to the cellular machinery that promotes directed cell migration. Our results support a new function for the unique FAK N-terminal domain which, upon exogenous expression, associated with an activated EGFR complex. The binding of the FAK N-terminal domain to EGFR was not as strong as direct Grb2 SH2-domain-mediated binding to the phosphorylated EGFR. In addition, the association of FAK with activated complexes of both EGFR and PDGFR could be disrupted by pretreatment of cells with cytochalasin D, which prevents actin polymerization but does not block tyrosine phosphorylation of PDGFR or EGFR. As we could not detect a direct association between the FAK N-terminal domain and EGFR in farwestern analyses, this interaction, like the co-localization of FAK with integrin receptors, may be mediated by one or more intermediary bridging proteins.
The overall significance of our biochemical findings is highlighted by the fact that FAK is recruited to sites of growth-factorreceptor and integrin clustering in intact cells (see Supplementary  Information) and that FAK expression is required for both PDGFand EGF-stimulated cell motility. This places FAK in a critical position as a receptor-proximal component of both integrin-and growth-factor-receptor PTK signalling pathways (Fig. 7) . We found that deletions of the FAK N-terminal domain disrupted the association of FAK with an activated EGFR complex. FAK constructs lacking an intact N-terminal domain did not promote EGF-stimulated motility when analysed in gain-of-function chemotaxis assays using FAK -/-cells. However, tyrosine phosphorylation of FAK and exogenous expression of its N-terminal domain only partially functioned to promote EGF-stimulated FAK -/-cell motility. These results indicate that localization of FAK to sites of integrin-receptor clustering is also important for cell motility. Indeed, overexpression of the FAK C-terminal domain acted to disrupt the association of FAK with activated EGFR complexes, promote FAK dephosphorylation at the Y397 site and inhibit EGF-stimulated cell motility. Thus, FAK connections to both growth-factor receptors and integrins are required to coordinate cell migration.
The association of FAK with an activated CCR5 receptor complex has recently been demonstrated using co-immunoprecipitation analyses 33 . In addition, FAK has been shown to associate with the inactive EphA2 PTK 34 . Although these reports did not elucidate the molecular mechanisms mediating these FAK-receptor interactions, we speculate that the involvement of FAK with other transmembrane-receptor signalling pathways may be reflected by the fact that tyrosine phosphorylation of FAK can be modulated by several different extracellular stimuli (reviewed in ref. 11) . Specificity between FAK-and Pyk2-mediated signalling events may be determined by differences in the interactions undertaken by their respective N-terminal domains.
With respect to the mechanism of FAK function in cell motility, we found, surprisingly, that the kinase activity of FAK was not required to promote either PDGF-or EGF-stimulated cell migration in FAK -/-cells, even though the same cells require FAK's kinase activity to promote fibronectin-stimulated cell motility 15 . Direct binding of p130
Cas to FAK was also not required for PDGF-stimulated cell migration, although previous analyses have shown that FAK-p130
Cas interactions are important for fibronectin-and integrin-stimulated haptotaxis 15, 17 . These results indicate that the molecular mechanisms of FAK-mediated motility differ depending upon whether the primary cell stimulus is initiated by the activation of integrin or growth-factor receptors. Mechanistically, the requirement for FAK's kinase activity in promoting integrin-stimulated motility can be explained by the fact that integrins lack intrinsic catalytic activity. For growth-factor-stimulated motility, FAK phosphorylation may be initiated by receptor-PTK activation. We found that untruncated kinase-inactive FAK and the FAK N-terminal domain were transphosphorylated at the Y397 site after EGF stimulation, an indication that other PTKs participate in FAK-mediated signalling events.
A common and important mechanistic connection needed to promote both integrin-and growth-factor-stimulated cell migration was the FAK Y397 site. Phosphorylation at this site creates an SH2-binding site for a number of different signalling and adaptor proteins. Our results show that PDGF stimulation promotes the recruitment of active Src-family PTKs to FAK, and that inhibition of Src-family PTK activity by overexpression of p50
Csk prevents PDGF-and FAK-mediated migration. As FAK -/-cells exhibit an overabundance of focal contacts and decreased cell motility, our results also support a working model for FAK function in promoting focal-contact turnover. The catalytic activity of Src-family PTKs has been shown to promote the turnover of focal-contact structures during cell motility 35 , and Src-FAK interactions are important for EGF-stimulated cell migration 36 . Therefore, FAK-mediated localization of active Src-family PTKs to sites of growth-factor-and integrin-receptor clustering may initiate focal-contact remodelling and migratory signals.
In summary, our results show that FAK can function as an important receptor-proximal component to promote cell migration. As FAK is overexpressed in a variety of invasive human tumours 37, 38 and the FAK gene is amplified in a variety of human cancer cells 39 , strategies to reduce levels of FAK protein or phosphorylation at the Y397/SH2-binding site may provide a way to interfere with enhanced growth-factor-and integrin-stimulated cell motility in both vascular and neoplastic diseases. ᮀ
Methods
Cell culture.
FAK +/+ , FAK -/-and DA2 fibroblasts were cultured, serum starved and transfected as described 15 . FAK +/+ , FAK -/-and DA2 cells have the same p53 -/-genetic background. Human 293T cells were cultured and transfected as described 40 .
DNA constructs.
HA-tagged constructs for wild-type FAK, FAK(F397), FAK(R454), FAK(A712/713), FAK(F925), FRNK and FRNK(S1034) were used as described 15 . Expression vectors for p50 Csk and p50 Csk (K222M) were used as described 14 (Fig. S1 ). Equal expression levels of the PDGFR or EGFR were detected in lysates of FAK -/-and DA2 cells (Fig. S1 ). Equal amounts of p130Cas were detected in FAK +/+ , FAK -/-and DA2 cells. FAK but not Pyk2 is recruited to sites of integrin and EGFR clustering. To determine whether the specific recruitment of FAK to sites of integrin or EGFR clustering could be detected in intact cells, we used microbeads coated with BSA, fibronectin, or a combination of fibronectin and EGF as stimuli (Fig. S2) . We used indirect immunofluorescence to observe the intracellular distribution of FAK in FAK +/+ and DA2 cells, and Pyk2 in FAK -/-cells. In FAK +/+ and DA2 cells, FAK localization is normally restricted to focal-contact regions at the basal surface, and this distribution did not change upon binding of control BSA-coated beads to cells (Fig. S2) . Diffuse FAK staining appeared around fibronectin-coated beads attached to the apical surface of FAK +/+ cells, whereas streaks of FAK staining were observed around the attachment sites of EGF-coated beads (Fig. S2) . Staining with antibodies to FAK and HA-FAK, in FAK +/+ and DA2 cells respectively, showed redistribution of FAK around beads coated with fibronectin and EGF (Fig. S2) . In contrast, binding of beads coated with fibronectin and EGF to FAK -/-cells did not promote a detectable redistribution of Pyk2 from its normal perinuclear distribution (Fig. S2) . These results show that in intact cells, FAK can be recruited to sites of integrin and EGFR activation, and that it may have a function as a receptor-proximal component of both integrin and EGFR signalling pathways.
Methods
Bead coating.
M-500 Dynabeads (Dynal Inc., Oslo, Norway) were coated in 0.2 M borate buffer, pH 8. 
Immunofluorescence.
Coverslips were fixed 20 min after the addition of beads and treated as described 15 . FAK was observed using a cocktail of rabbit polyclonal anti-FAK antibodies, N-17 and C-20 (Santa Cruz). Pyk2 was observed using a cocktail of rabbit polyclonal antibodies, no. 5096 affinity-purified 14 and Pyk2 N-19 (Santa Cruz). HA-tagged proteins were observed using rabbit polyclonal antibody Y-11 (Santa Cruz). 
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